Reconstruction of a starfish embryo provides unique morphogenesis during the developmental process that is not observed in normal development. Here, we established a novel method for reconstruction from single embryos/ larvae. By using this method, we investigated the morphogenetic capabilities in critical steps during the reconstruction process as showed by the reconstructed embryos generated from embryos/larvae at the six developmental stages, or from segregated ectodermal and/or endomesodermal cells. Additionally, the novel method addressed several problems found in prior methods related to reproducibly generating reconstructed embryos. In the reconstructions from the various stage embryos/larvae, the morphogenetic capabilities were substantively reduced in the reconstructed embryos generated from 3-day bipinnaria (3dBp). The combination experiments using ectodermal or endomesodermal cells segregated from 2dBp or 3dBp showed a reduction of the morphogenetic capabilities in both cells types in 3dBp. The reconstructed embryos generated from ectodermal or endomesodermal cells segregated from 2dBp possessed partial morphological features, such as formation of the epithelium or blastopore, but all failed to develop into bipinnariae. These results indicate two limitations of the morphogenetic capabilities during the reconstruction process. Firstly, the morphogenetic capabilities to reconstruct an embryo are considerably reduced between 2dBp and 3dBp. Secondly, cells specified as ectoderm or endomesoderm possess limited morphogenetic capabilities to reconstruct bipinnaria. Furthermore, our results demonstrate that the interaction between these specified cell types is required for reconstruction.
Introduction
The cells dissociated from embryos are able to reconstruct larvae in sea urchin and starfish (Giudice 1962; Dan-Sohkawa et al. 1986 ); this phenomenon has been particularly well documented in the starfish Patiria (Asterina) pectinifera ). However, the developmental steps of reconstruction, listed as follows, morphologically differ from those of normal development: (i) reaggregation of dissociated cells; (ii) formation of the external epithelium; (iii) expansion of the blastocoel, migration of mesenchymal cells therefrom, and separation of the interior mass of cells from the external epithelium; (iv) development of the blastopore; (v) fusion of the interior mass of cells with the external epithelium at the point of blastopore and development of the archenteron; (vi) formation of the mouth and coelomic pouch; and (vii) establishment of the bipinnaria larvae Tamura et al. 1998) . The reconstructed bipinnaria possesses a tripartite gut consisting of an esophagus, stomach, and intestine and is morphologically consistent with normal bipinnaria. Based on these descriptions, Dan-Sohkawa and her colleagues have demonstrated the occurrence of several unique morphogenetic events during embryo reconstruction, representing different cell behaviors during the process of fusion of the endoderm to the endoderm and of the ectoderm to the endoderm , the sorting out of the stomach cells (Dan-Sohkawa & Kaneko 1989) , and of schizocoelic-like coelomic pouch formation (Tamura et al. 1998) . Therefore, reconstruction studies allow us to obtain new findings that are difficult to ascertain from the analysis of normal development.
However, it is necessary to establish a method that causes limited damage to the cells during dissociation, produces fixed numbers of reconstructed embryos with fixed size from a single trial reproducibly, and can control the population of material cells. Notably, past experiments using starfish generated reconstructed embryos from multiple embryos Yamanaka et al. 1986; Dan-Sohkawa & Kaneko 1989; Tamura et al. 1998) . For example, in the multiple embryos/larvae reconstruction (MER) method, thousands of embryos were dissociated in one tube simultaneously, which led to approximately half of these cells being damaged in this step ). Furthermore, a number of reconstructed embryos were generated in one trial from the mixture of dissociated cells. Thus, the reconstructed embryos obtained by the MER method exhibited variation in size, number, and the proportion of incorporated cells, the values of which were not stable between experiments.
In the current study, we established a novel method, termed the single embryo/larva reconstruction (SER) method, which generated single reconstructed embryos from single embryos/larvae of the starfish P. pectinifera and addressed the problems inherent in the MER method. To provide basal information for reconstruction studies of starfish embryo, we used the SER method to investigate the three morphogenetic capabilities (epithelium, blastopore formation, and tripartite gut and mouth formation) in critical steps during the reconstruction process, on the reconstructed embryos generated from embryos/larvae at the six developmental stages. In addition, we demonstrated the morphogenetic capabilities of segregated ectodermal or endomesodermal cells and discerned novel morphogenetic insights from the reconstructed embryos generated from each specified cell type.
Materials and methods

Animals
Adult starfish P. (Asterina) pectinifera were collected along the coast at Tokyo Bay and Mutsu Bay, Japan and maintained at 15°C in glass aquariums with artificial sea water (ASW; SEALIFE, MARINETECH, Tokyo, Japan) in the laboratory. Developing embryos were obtained and cultured at 20°C as described previously (Hamanaka et al. 2011) .
Reconstruction from single embryos
Single embryos at the hatching blastula (HB, 16-h post fertilization, hpf), early gastrula (eG, 17 hpf), mid gastrula (mG, 24 hpf), late gastrula (lG, 36 hpf), 2-day bipinnaria larva (2dBp, 48 hpf), or 3-day bipinnaria larva (3dBp, 72 hpf) stage were sunk into dissociating medium (DM; 1.2 mol/L Glycine, 1% ASW, 6% newborn calf serum) filtrated by a 0.2 lm pore size membrane (DISMIC25cs, ADVANTEC, Tokyo, Japan) (Fig. 1A) . Soon afterwards, the embryo was picked up with 2.5 lL DM (Fig. 1B) and transferred to the surface of Parafilm (Bemis Flexible Packaging, Bellwood, IL, USA) as a drop via a micropipette (Fig. 1C) . For dissociation into single cells, each embryo was suspended in the drop using a mouth pipet attached to a thin glass tube (Fig. 1D) . The dissociated cells in the DM drop were transferred into 200 lL of iced ASW containing 5 mg/mL kanamycin in a 0.2 mL siliconized tube (BC-bmb20200, Bio Medical Science, Tokyo, Japan) (Fig. 1E, left) . To aggregate the dissociated cells, the tube was centrifuged using a Hitachi Refrigerated Centrifuge 05PR-2 at 2000 rpm (335 g) for 3 min at 15°C. Next, 8 lL of newborn calf serum was added to the tube (Fig. 1E, right) . To form the reaggregate, the tube was placed in a well of a 96-well plate that had been set up on a TAITEC Double Shaker NR-3 (TAITEC, Saitama, Japan) and was incubated with a 125 rpm slewing motion for 24 h at 20°C (Fig. 1F) . Defining the start of incubation as 0 hpr, the reaggregate was picked up from the tube and washed with ASW at 24-h post reconstruction (hpr) (Fig. 1G) . To allow further development of the reconstructed embryo, it was transferred to a 35 or 60 mm plastic dish filled with ASW containing 5 mg/mL kanamycin and cultivated at 20°C. For every reconstruction, four batches were used from each of the six developmental stages.
Analysis of dissociated cells
The dissociated cells were prepared from single embryos at each developmental stage with 2.5 lL of DM. To observe the nucleus both living and damaged cells, the DM included 2 lmol/L SYTO 16 Green (Molecular Probes, Eugene, OR, USA) and 1 lg/mL propidium iodide (PI, Invitrogen, Waltham, MA, USA) following the SER. The DM including dissociated cells was applied to a Thoma hemocytometer (#A106, Sunlead Glass Corporation; SLGC, Japan) and the single cell numbers were counted. The photographs of these cells and fluorescent signals for PI and CYTO 16 Green were taken using an inverted fluorescence microscope system (IX71; Olympus, Tokyo, Japan).
Observation of living reconstructed embryos
For observation of their morphological features, reconstructed embryos at 24 or 46 hpr or at 5-days post reconstruction (dpr) were transferred to a plastic dish ª 2017 Japanese Society of Developmental Biologists filled with 0.89 ASW including 100 mmol/L sodium azide to decrease their motility. The embryos were allowed to settle on the bottom of the plastic dish or picked up and mounted between a glass slide and cover slip that were separated by two small pieces of vinyl tape (200 lm thickness). The embryos were observed and photographed using an inverted microscope system (IX71; Olympus). After being photographed, embryos at 24 or 46 hpr were washed with ASW and their cultivation was continued.
Phalloidin staining
Reaggregates were fixed with 4% paraformaldehyde in ASW at room temperature (RT) for 30 min. After washing with phosphate buffered saline containing 0.01% Tween 20 (PBST), embryos were treated with cold acetone at À20°C for 30 min. After washing again with PBST, they were then incubated with PBST containing 0.2 U/mL rhodamine phalloidin (Molecular Probes) at RT for 30 min. Stained embryos were washed with The scores were calculated from ten trials in each stage. eG, early gastrula; HB, hatching blastula; lG, late gastrula; mG, mid gastrula; 2dBp, 2-day bipinnaria; 3dBp, 3-day bipinnaria. Blue, yellow, and green indicate the percentages of clusters including single, two, and more than three cells, respectively.
ª 2017 Japanese Society of Developmental Biologists PBST. Cross section images of the embryos were obtained using a confocal laser scanning microscope system (Fluoview, FV300; Olympus).
Segregation of ectodermal or endomesodermal cells and reconstruction from segregated cells
To stain the ectodermal cells of the larva, a 2dBp or 3dBp larva was incubated in ASW including 2 lg/mL CFSE (Dojindo Laboratories, Kumamoto, Japan) at 20°C for 15 min. For the separation of ectodermal and endomesodermal cells, the embryo was treated in DM and dropped on Parafilm with 2.5 lL DM as described above. The embryo was then gently suspended in the drop using a mouth pipet attached to a thin glass tube until all ectodermal cells had been removed. Endomesodermal tissue was picked up into a fresh 2.5 lL DM drop and dissociated using the same method as described above. Segregated cells were used as materials for generating reconstructed embryos alone or in combination. For every combination of reconstruction and every reconstruction from only segregated cells, we used two and three batches, respectively. Frontal and sagittal plane stack images were obtained via the Fluoview FV300 confocal microscopy system and z-stack images were generated using the Fluoview viewer (Olympus) and Image J software (https://imagej.nih.gov/ij/). Photographs of living ectodermal cells were taken using the IX71 inverted fluorescence microscopy system.
Results
Novel method for reconstruction from single embryos
We developed a novel method (SER) for reconstruction from single embryos/larvae of the starfish P. pectinifera (see Materials and methods and Fig. 1 ). A single embryo/larva was dissociated into single and/or multiple cell clusters similar as in the MER method ( Fig. 1H ) ). The proportions of single cell clusters was 65-80% in the six developmental stages and tended to decrease with proceeding developmental stage of the material embryo (Fig. 1J ). The rate of dead cells in the dissociated cells averaged <1% across all stages (Fig. 1I , arrow), although the MER method showed an approximate 50% loss during dissociation . At 0 h post reconstruction (hpr), the cells remained dissociated rather than aggregated at the bottom of the tube. Similar to the reaggregates generated from the MER method, reaggregation was observed from 2 hpr (data not shown). A single reaggregate exhibiting the formation of an external epithelium as recognized by the smooth surface of the outer layer was found to be rotating at 24 hpr in the single trial ( Fig. 2A) . By 46 hpr, a blastocoel and blastopore were formed (Fig. 2B , open and solid arrowheads). Following the same developmental process observed in the MER method, the single reconstructed embryos were able to develop into bipinnariae by 5-days post reconstruction (dpr) (Fig. 2C) . The body lengths of the majority of reaggregates at 24 hpr were from 160-205 lm. In rare cases, two or three small reaggregates were obtained from a single embryo at 24 hpr (0.3%, n = 576) although these failed to develop into reconstructed bipinnaria. Approximately half of the obtained bipinnariae exhibited multiple stomachs and/ or anuses similar to those generated from multiple embryos (55%, n = 220). In particular, from the reconstruction using embryos from the hatching blastula through the 2-day bipinnaria (2dBp) stage, 43% of the total trials provided reconstructed bipinnariae at 5 dpr (n = 480).
Reconstruction from single embryos/larvae at various developmental stages
By using the SER method, reconstructions were performed with material embryos and larvae representing each of six developmental stages: hatching blastula (HB), early gastrula (eG), mid gastrula (mG), late gastrula (lG), 2dBp, and 3dBp ( Fig. 3A-F) to investigate the three morphogenetic capabilities in critical steps during the reconstruction process according to DanSohkawa et al. (1986) ; an external epithelium formation at 24 hpr (see also Fig. 2A ), blastopore formation (see also Fig. 2B , solid arrowhead), and the mouth and tripartite gut formation at 5 dpr (see also Fig. 2C ). Epithelialization was confirmed by phalloidin staining to mark the dense F-actin at sites of cell-cell contact (Geiger & Ginsberg 1991) , which was demonstrated to encompass the outer layer of the reaggregate (Fig. 2H,I ). The numbers of embryos that were both alive and exhibited this morphological feature were counted at the 24 hpr, 46 hpr, and 5 dpr time points (Table S1 ). Living embryos were defined as cell aggregates showing epithelium in the outer layer. Based on these, we calculated the survival rate (SR) and the morphogenetic success rate (MSR), which serves as an indicator for morphogenetic capability (Fig. 4) .
At 24 hpr, although SR was almost 100% in every case (Fig. 4A) , this ratio decreased with over time. At 5 dpr, the SR of embryos derived from mG and 3dBp was 82% and 39%, respectively. The SR of embryos from the other developmental stages was approximately 55% (Fig. 4A) . With respect to the MSRs in these reconstructions, almost all of the reaggregates ª 2017 Japanese Society of Developmental Biologists generated from the embryos at stages earlier than 3dBp showed a smooth surface (mG is shown in Fig. 3A ; data from the other stages is not shown), with the MSRs reaching approximately 100% at 24 hpr (Fig. 4B ). In the case using 3dBp, the reaggregates exhibited attaching cells on the outside of the smooth surface and a lower MSR (77%, Figs 2D and 4B) . At 46 hpr, in the case using material from blastula to 2dBp, almost all reconstructed embryos showed blastopore formation(s) and a blastocoel (mG is shown in Fig. 2B ) with MSRs of 65-94% which was decreased in comparison to that at 24 hpr. The MSR in the case using 3dBp was substantively lower than that of other cases (20%) and the majority of the reconstructed embryos formed only the blastocoel without a blastopore (Fig. 2E) . At 5 dpr, 51-79% of the living reconstructed embryos exhibited mouth and tripartite gut in every case with the exception of those derived from 3dBp (mG is shown in Figs 2C and 4B ). In the case using 3dBp, the reconstructed bipinnaria demonstrated a small mouth, narrow blastocoel, and no coelomic pouches (Fig. 2F) . Furthermore, the majority of the reconstructed embryos that failed to develop into bipinnaria possessed a blastopore, blastocoel, and gastrointestine-like structure without an esophagus, mouth, or coelomic pouches (Fig. 2G) . Accordingly, the MSR of 3dBp was only 16%, the lowest value measured (Fig. 4B) .
Reconstruction from the combination of ectodermal with endomesodermal cells segregated from 2dBp or 3dBp
To demonstrate whether the reduction of MSR was dependent on ectodermal or endomesodermal cells, we next attempted reconstruction using a 2dBp in ª 2017 Japanese Society of Developmental Biologists which the ectodermal or endomesodermal cells had been replaced with those of a 3dBp. For this experiment, segregated cells were prepared from single 2dBp and 3dBp. We confirmed a certain level of segregation using embryos wherein the ectoderm had been stained with 5(6)-carboxyfluorescein Nhydroxysuccinimidyl ester (CFSE). This allowed the preparation of segregated stained dissociated cells and an archenteron structure without stained cells, respectively (Fig. S1 ). The dissociated stained cells primarily comprised ectodermal cells, although they contained a small number of endodermal cells placed around the blastopore, which give rise to the posterior part of the intestine. We used these cells as the resource of ectodermal cells, termed dissociated ectodermal cells (dEc) in this study. The cells dissociated from segregated archenteron were used as dissociated endomesodermal cells (dEn). The combinations of material used for reconstruction were dEc of 3dBp (3d-dEc) with dEn of 2dBp (2d-dEn), 2d-dEc with 3d-dEn, and 2d-dEc with 2d-dEn. Similar to the experiment of reconstruction from a single embryo, we obtained single reaggregates from single trials. The reconstructed embryos were observed and counted at the same time points and then SR and MSR were calculated (Fig. 5G,H and Table S2 ). The SR reached approximately 100% at 24 hpr and decreased to approximately 60% at 5 dpr for every combination (Fig. 5G) . The MSR at 24 hpr also reached approximately 100% in every case and the reaggregates possessed a smooth outer layer surface (Fig. 5A,D,H) . The reaggregates generated from 3d-dEc with 2d-dEn tended to carry attached cells on the exterior of the outer layer (Fig. 5A) . A substantial reduction of MSR occurred at 46 hpr for 3d-dEc with 2d-dEn and was lowest among the three combinations from the blastopore formation stage onward (Fig. 5H) . The majority of these reconstructed embryos formed only a blastocoel similar to that obtained using 3dBp (Fig. 5B) . In 2d-dEc with 3d-dEn, 66% of reconstructed embryos formed a blastopore and blastocoel at 46 hpr (Fig. 5E,H) . Eventually, the majority of the reconstructed embryos generated from 3d-dEc with 2d-dEn formed only a blastopore, blastocoel, and gastrointestine-like structure similar to that generated from 3dBp at 5 dpr (Fig. 5C ). For this combination, the MSR was 24%, whereas that of 2d-dEc with 2d-dEn was 58% (Fig. 5H) . A fraction of reconstructed embryos generated from 2d-dEc with 3d-dEn developed into bipinnariae with an MSR of 38% at 5 dpr (Fig. 5F,H) .
Reconstruction from segregated ectodermal or endomesodermal cells
Next, to investigate the specific morphogenetic capabilities of ectodermal and endomesodermal cells, we attempted to reconstruct embryos from only 2d-dEc or 2d-dEn. According to a prior report, the number of cells contained in ectodermal or endomesodermal tissue of 2dBp constitutes approximately 76% and 23% of the whole embryo, respectively (Kominami 1984) . Fig. 4 . Graphs showing the temporal changes of survival rate (SR) and morphogenetic success rate (MSR) in the reconstructions using single embryos. SR and MSR represent the ratios of the number of living embryos to the total number of trials and the number of embryos possessing the morphological features to the total number of living embryos, respectively. (A) SRs of reaggregates at 24 hpr and reconstructed embryos at 46 hpr and 5 dpr. (B) MSRs of reaggregates at 24 hpr and reconstructed embryos at 46 hpr and 5 dpr. The morphological features used as evaluation criteria were epithelialization at 24 hpr and blastopore formation at 46 hpr, which are recognized by a smooth surface of the outer layer of the reaggregate and invagination(s) of the outer layer, respectively, and by formation of the mouth and tripartite gut at 5 dpr. A total of 96 reconstruction trials were performed from each developmental stage. eG, early gastrula; HB, hatching blastula; lG, late gastrula; mG, mid gastrula; 2dBp, 2-day bipinnaria; 3dBp, 3-day bipinnaria. To preclude the influence of low cell number on reconstruction, we performed reconstructions using 2d-dEc from two (29 dEc) and 2d-dEn from five (59 dEn) embryos in addition to the reconstructions from the 2d-dEc or 2d-dEn from single embryos (19 dEc or 19 dEn). Reconstruction from the mixture of 19 dEc and 19 dEn (dEc + dEn) was also carried out.
In every case, a single reaggregate was obtained from the single trials at 24 hpr. The reaggregates obtained from 19 and 29 dEc showed a smooth surface of the outer layer, although they were not spheroidal in shape (Fig. 6A,B) . They did not rotate but swam in a particular direction. In the cases using 19 and 59 dEn, the reaggregates possessed an intermittent smooth surface on the outer layer (Fig. 6C,D) . Unlike the reaggregates obtained from 19 and 29 dEc, they neither rotated nor swam. Phalloidin staining showed that an encompassing signal for F-actin was detected in the outer layer of reaggregates obtained from 2d-dEc, whereas a fragmented signal was observed following use of 2d-dEn (Fig. 6M,N) . Therefore, the epithelialization of reconstructed embryos at 24 hpr could be defined by either an encompassing or partial smooth surface in this experiment. According to the definition, we counted the number of reconstructed embryos and calculated the SR and MSR in a similar manner as the prior experiment (Table S3) .
The SR at 24 hpr reached approximately 100% in every case (Fig. 7A) . All reaggregates generated from 19 and 29 dEc and 59 dEn possessed an epithelium whereas in the case using 19 dEn, the MSR was lower than the others (63%, Fig. 7B ). At 46 hpr in the cases using 19 and 29 dEc, almost all reconstructed embryos showed one or multiple invaginations of the outer layer to form a blastopore-like structure (Fig. 6E , F,J, solid arrowheads and 87% in 19 dEc and 100% in 29 dEc, Fig. 7B ) but did not possess the interior mass of cells. In comparison, none of the living reconstructed embryos obtained from 19 and 59 dEn possessed morphological features such as the formation of a blastopore and blastocoel; rather, attaching cells on the exterior of the outer layer could be observed (Figs 6G, H and 7B) . The SR decreased markedly (22% in both 19 dEn and 59 dEn, Fig. 7A ). Furthermore, a fraction of the living reconstructed embryos adhered to the bottom of the dish and the spheroidal shape was disrupted (Fig. 6K) . Several migratory cells could also be observed on the bottom of the culture dish around the attached embryos (Fig. 6K, arrows) .
By 5 dpr, almost all of the reconstructed embryos generated from 2d-dEc or 2d-dEn had decayed completely and could no longer be observed. A small fraction of them appeared as small cell masses (Fig. 6I) . The SRs at 5 dpr were 0% in 19 dEc, 29 dEc, and 19 dEn and 22% in 59 dEn, whereas that in dEc + dEn was 78% (Fig. 7A) . The surviving reconstructed embryos generated from 59 dEn possessed a decayed spheroidal shape and no invaginations of the outer layer and blastocoel at 5 dpr (Fig. 6L) . At 5 dpr, none of the reaggregates generated from 2d-dEc or 2d-dEn had developed into reconstructed bipinnaria, whereas 46% of the living reconstructed embryos developed into bipinnaria in the case using dEc + dEn (Fig. 7B) .
Discussion
In the present study, we established a novel SER method and showed that the reaggregates obtained via this method could develop into bipinnariae. The reconstructed embryos generated from single embryos exhibited a developmental process and time course similar to those of the reconstructed embryos previously generated from multiple embryos ). The SER method represents an improvement over the MER method in the following points: (i) the damage to the cells is <1% during dissociation; (ii) only a single reconstructed embryo is obtained from each trial; (iii) the variation of reconstructed embryo size is reduced from those obtained in the MER method; and (iv) the Fig. 4 . A total of 53, 54, and 42 trials were used for the combinations of 3d-dEc + 2d-dEn, 2d-dEc + 3d-dEn, and 2d-dEc + 2d-dEn respectively. 3d-dEc + 2d-dEn, a combination of segregated ectodermal cells from 3dBp with segregated endomesodermal cells from 2dBp; 2d-dEc + 3d-dEn, a combination of segregated ectodermal cells from 2dBp with segregated endomesodermal cells from 3dBp; 2d-dEc + 2d-dEn, a combination of segregated ectodermal cells from 2dBp with segregated endomesodermal cells from 2dBp. A:
, 3d-dEc + 2d-dEn;
, 2d-dEc + 3d-dEn; , 2d-dEc + 2d-dEn. B: , 3d-dEc + 2d-dEn; , 2d-dEc + 3d-dEn; , 2d-dEc + 2d-dEn.
ª 2017 Japanese Society of Developmental Biologists amount and/or type of the source cells in single reconstructed embryo is controllable. Furthermore, it would be possible to trace the specific cells in the living reconstructed embryo during the reconstruction process through the use of embryo/larva that contain cells marked by a tracer such as a fluorescent dye as material. Therefore, the SER method is well-suited for the study of embryo/larva reconstruction. Our results elucidate the limitations of morphogenetic capabilities in reconstruction from two aspects. One is the developmental stage of embryo/larva used as material. The substantive reduction of MSRs in the case using 3dBp and the combination of 3d-dEc with 2d-dEn at 46 hpr and 5 dpr (Figs 4B and 5H) indicates that the capability for blastopore formation in ectodermal cells is retained until 2dBp. In a previous study, it was suggested that the blastopore would function as a morphogenetic center during the reconstruction process ). Therefore, the failure in formation of the blastopore in the case using 3d-dEc would cause arrest or delay in successive developmental processes and then lead to the lowest MSR at 5 dpr (Figs 4B and 5H) . In addition, a clear reduction of the MSR between 46 hpr and 5 dpr was shown in reconstructed embryos generated using the combination of 2d-dEc with 3d-dEn, in contrast to those obtained from the combination of 2d-dEc and 2d-dEn (Fig. 5H ). This may be attributable to the reduction of the morphogenetic capability for tripartite gut and mouth formation in 3d-dEn. Thus, in not only the blastopore but also tripartite gut and mouth formation, the morphogenetic capabilities appear to be reduced at 3dBp, which subsequently causes a failure of bipinnariae development. However, these capabilities were not completely abrogated, as several reaggregates generated from 3dBp were able to develop into bipinnariae with incomplete morphogenesis (Figs 2F and 4B) . Notably, in 3dBp, the differential states of cells constituting the whole embryo are further progressed, in contrast to those in 2dBp. In particular, 3dBp possess a ciliary band, developed nervous system, grown stomach, and swallowing esophagus, whereas these are not yet apparent in 2dBp. Therefore, the progression of the differential state likely resulted in a reduction of the morphogenetic capabilities during reconstruction.
Another aspect is the specified cell types. In contrast to the reconstruction from whole embryos, no reconstructed bipinnariae were obtained from the reconstructed embryos generated from 2d-dEc or 2d-dEn (Fig. 7B ). This suggests that both ectodermal and endomesodermal cells segregated from single embryo would be required for the development into bipinnaria. In other words, ectodermal cells cannot possess the morphogenetic capability of endomesodermal cells and vice versa. In addition, at 5 dpr, almost none of the reconstructed embryos generated from 2d-dEc or 2d-dEn could survive further (Fig. 7A) , suggesting that the interaction between ectodermal and endomesodermal cells was required for reconstructed embryo survival. The difference of the epithelialization in the outer layer of reaggregates generated from only 2d-dEc or 2d-dEn (Fig. 6A,B,M,N) suggested that ectodermal cells exhibit the capability to form epithelia in the outer layer but that endomesodermal cells do not carry such full capacity. The results further indicated that the epithelialization in the outer layer of reaggregates originated from ectodermal cells. At 46 hpr, we found that the reconstructed embryos generated from 2d-dEc showed the formation of a blastopore-like structure (Fig. 6E,F,J) . This suggested that the capability to form MSRs of reaggregates at 24 hpr and reconstructed embryos at 46 hpr and 5 dpr. The morphological features used as evaluation criteria are epithelialization at 24 hpr and the formation of a blastopore-like structure at 46 hpr, which are recognized by a general or partial smooth surface of the outer layer of the reaggregate and by indentation(s) of the outer layer, respectively, and by the formation of the mouth and tripartite gut at 5 dpr. A total of 36 trials were conducted in each case. 19 dEc and 29 dEc indicate reconstruction from 2d-dEc of one or two embryos, respectively. 19 dEn and 59 dEn indicate reconstruction from 2d-dEn of one or five embryos, respectively. dEc + dEn indicates reconstruction from 2d-dEc of one embryo and 2d-dEn of one embryo. A:
, 1x dEc; , 2x dEc;
, 1x dEn; , 5x dEn; , dEc+dEn. B: , 1x dEc; , 2x dEc; , 1x dEn; , 5x dEn; , dEc+dEn.
ª 2017 Japanese Society of Developmental Biologists invaginations of the outer layer resulting in a blastopore-like structure likely exists in ectodermal cells and functions autonomously, whereas that in endomesodermal cells was probably insufficient. These structures appear to be wrinkles, which are observed in blastula of other starfish (Oguro et al. 1976) . However, the invaginations are not likely to constitute actual wrinkles because they represent indentations rather than furrows. To clarify this point, confirmation of whether the blastopore-like structure actually comprised a blastopore would be required through the use of a blastopore marker such as brachyury (Shoguchi et al. 1999) . In addition, the reconstructed embryo generated from 2d-dEc lacked the interior mass at 46 hpr (Fig. 6E,F) . This feature is known to give rise to the tripartite gut by fusion with the invaginated outer layer . Therefore, endomesodermal cells would likely be required for the formation of the interior mass and, consequently, represent the origin of the tripartite gut in the reconstructed embryo. At 5 dpr, the reconstructed embryos generated from 2d-dEn also never showed the formation of gut (Figs 6L and 7B) , suggesting that the capability for gut formation in endomesodermal cells may require an interaction with ectodermal cells.
In summary, we established the SER method that is more suitable for the study of reconstruction than the MER method and, by using this method, we demonstrated that the morphogenetic capabilities at three time points required for the development into reconstructed bipinnaria were limited by the state of the initial cell material, according to the developmental time or specification. In particular, we revealed the novel morphogenetic capability for blastopore formation in ectodermal cells by the reconstruction study. In future studies it will be necessary to investigate the molecules contributing to the morphogenetic capabilities and their retention during reconstruction. In addition, identification of the molecules regulating the interactions between specified cells will lead to a more comprehensive understanding of the mechanisms underlying morphogenesis of the gut and survival during the reconstruction process.
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